A large area (128 m 2 ) muon tracking detector, located within the KASCADE experiment, has been built with the aim to identify muons (E µ > 0.8 GeV) and their angular correlation in extensive air showers by track measurements under 18 r.l. shielding. Orientation of the muon track with respect to the shower axis is expressed in terms of the radial and tangential angles, which are the basic tools for all muon investigations with the tracking detector. By means of triangulation the muon production height is determined. Distributions of measured production heights are compared to CORSIKA shower simulations. Analysis of these heights reveals a transition from light to heavy cosmic ray primary particles with increasing shower energy in the energy region of the 'Knee' of the cosmic ray spectrum.
Introduction
tor is especially closely correlated to the parameters of the interactions in 14 question. A recent compilation of muon study results is given in Ref. [1] . 15 In the past, various tracking detectors for measuring CR particles have 16 been put into operation either on the surface of Earth [2]- [8] or deep under-17 2 ground [9] . Currently active installations for muon and neutrino studies are 18 IceCube [10], ANTARES [11] and MINOS [12] . Tracking detectors provide 19 the possibility to study the muon production height which is the subject of 20 this work. 21 Muon information has usually been integrated over a large sample of 22 showers and over the whole longitudinal profile. However, muons have some 23 advantage compared with optical photons [13]-[15]: they reflect the develop-24 ment of the nuclear cascade with no mediation from electromagnetic cascades 25 and, similar to the radio emission [16] , they can be measured 24 hours a day -26 not only on clear moonless nights. Their evident disadvantage is that muons 27 are less numerous than photons and are, therefore, subject to large fluctua-28 tions. In addition, they are charged particles and are subject to deflection 29 in the geomagnetic field and also suffer from multiple Coulomb scattering in 30 the atmosphere and detector shielding. 31 Muon tracking allows to measure the composition sensitive profile of a 32 shower in the 'Knee' region, where it is not possible by the fluorescence tech-33 nique used, e.g. by Fly's Eye [17] and Auger [18] experiments. It enables as 34 well the study of hadron interactions [19, 20] . Muons have never been used 35 up to now, with sufficient accuracy and large statistics, for the reconstruction The KASCADE-Grande air-shower experiment [25] , set-up in Karlsruhe, 43 Germany provides information on individual EAS up to primary energy 44 10 18 eV. Complex analyses of KASCADE data [26] resulted in CR flux spec-45 tra for five groups of primary masses over the 'Knee' region. However, these 46 spectra exhibit a strong dependence on the hadronic interaction models used 47 in the data analysis. Therefore, an independent investigation of additional 48 shower observables like muon angular correlations with respect to the shower 49 direction is of a great importance. To address this task a Muon Tracking 50 Detector (MTD) [27] was constructed providing additional information on 51 muons for the measured EAS. 52 In this work we present the experimental investigation of the hadronic 53 cascade in EAS using tracks of muons measured at the KASCADE-Grande 54 experiment. Precise angular information on those tracks is used to determine 55 3 muon production heights. The sensitivity of this quantity to the mass and 56 energy of CR primary particles is shown. The validity of hadronic interac-57 tion models used in Monte Carlo simulations is discussed. Due to the energy 58 dependence of muon production height a transformation to muon production 59 depth is used to investigate, in a model independent way, the CR composi-60 tion. An estimate of the composition covering two decades of primary energy 61 around the 'Knee' is given. 
80
The MTD shows a good stability of operation. Hereby, the stability of the 81 gas composition on the sub-percent level is of great importance. However, 82 the open gas system is influenced by the atmospheric pressure and tempera-83 ture (internal in the detector T int and atmospheric T atm ), which is observed 84 in the measured free monitor muon count rate. After applying corrections, 85 the free monitor rate (R) has a remaining variation of about 1%. The re-86 sulting temperature and pressure coefficients of the rate, together with the 87 gas composition stability parameters, are given in Table 1 . They provide 88 the parameters for the MTD track efficiency determination and correction 89 for temperature and pressure, i.e. for varying atmospheric conditions at makes the amount of tracks uncorrelated with a shower being below 1 %.
95
The modules show, after correction for geometry, pressure and temperature 96 variations, a hit efficiency close to 100%, varying on average by less than 1%.
97
The track efficiency ( ) stability parameter is given in 
where the parameters have the following values. For the KASCADE array axis, and goes also through the point where the muon hits the detector plane.
148
The value of τ reflects predominantly the amount of muon scattering in 149 the atmosphere and in any relevant absorber/detector material, and to some 150 extent also the fact that muons can be produced off the shower axis. A narrower with increasing muon momentum [43] , which is expected from the 155 momentum dependence of multiple scattering and from geomagnetic bending.
156
The ρ angle value, being defined in the shower coordinate system, is 157 dominantly correlated with the transverse momentum of the parent meson.
158
It is also substantially larger than the corresponding τ values. The multiple 159 scattering of the muon in the atmosphere and muon filter above the MTD 160 contributes also to the value of ρ, but has a relatively minor effect on it. Employing the ρ and τ angles to define the orientation of muon track with 217 respect to the shower axis together with the relative distance R µ from the 218 muon hit to the shower core position, the height h µ can be calculated. This
219
can be done along the muon track, which is the appropriate way to consider 220 absorption or interaction of muons in showers [45, 46] .
221
Another approach, used in the present work, is the determination of the 222 height h µ along the shower axis. One way is to use the relation h µ = R µ / tan ρ 223 10 in the shower coordinate system. We could also employ, for angles much 224 smaller than one radian, instead of ρ, the angle ζ = (ρ 2 + τ 2 ) [43], which 225 is the angle in space between muon track and the shower direction.
226
As shown in Fig. 2 both reconstruction methods lead to muon production 227 heights different from the true one by ∆h ρ µ in case of the calculation with to an underestimation of the mean production height by a few percent.
235
In Table 2 a comparison of these differences is given for two fixed primary work was done using the following relation
.
(2)
The mean muon production height reconstructed with the relation (2) 255 differs at most by ± 4 % from the true value. Further systematic effects are to be considered. In the region of small in the full range up to 12 km, but they are shown to 9 km only in order to 316 expand the low production height region. However, the following discussion 317 of the features seen at high values of h µ is also true for the production heights suggests that production heights corrected for an appropriate elongation rate 345 will exhibit a clear remaining dependence on the CR particle mass. Mean 346 muon production heights for light and heavy mass enriched showers exhibit 347 a height difference of about 12%, which is 3-4 times the systematic error 348 quoted in Table 2 . maximum. X max is considered to be a primary mass sensitive parameter.
372
Concerning muons which stem dominantly from π ± decays, the correspond-373 ing production height at which most muons are created may also provide a 374 mass sensitive observable.
375
To reveal the primary mass sensitivity of the H µ parameter one has to 376 subtract the energy dependence expressed in terms of the elongation rate, 377 taking into account the shower size observables.
378
Subtracting from the production depth H µ for each track in a shower 379 the energy dependent penetration depth we use the following relation for the
where the parameter offsets originate from the analysis thresholds.
382
For the following analysis the elongation rate components (the coeffi- Therefore, we may argue that in the corrections of H µ for the elongation rate 399 fluctuations will cancel to some extent and thus, the resulting mass depen-400 dent muon production depth H A µ represents a stable observable. In Fig. 9 401 muon production depth distributions are compared for three N µ size bins 
425
An integral number of muons for a nucleus A induced shower is
where β ≈ 0.85 [53] . Taking into account that X max ∼ lg(E 0 /A) + const 427 and assuming that X A max,µ exhibits a similar lg(E 0 /A) dependence as X max , 428 using equation (4), we obtain: ± 20 g·cm −2 multiplied by the correction factors from Fig. 11 . In Fig. 12 the 472 Grande data, analyzed in the separate distance range (see Fig. 10 ), are nor- 489 Table 3 provides a collection of the fluxes for different muon production Each shower event is also characterized by a multiplicity of muon tracks. various production depth ranges (Fig. 12 ) are model independent.
532
In addition to the investigation of EAS development using triangulation 
544
The discrepancy in the muon production height distributions between 545 QGSJet simulations and measurements (Fig. 7) points to the necessity of 546 further investigation of high energy interaction models.
547
Concerning the muon production height, shower zenith angle ranges larger 
